This paper presents a new rotor flux estimation method for sensorless vector controlled squirrel-cage induction generators used in wind power applications. The proposed method is based on a phase-locked loop (PLL) and the orthogonality between the rotor flux space vector and its back electromotive force (EMF) space vector. Rotor flux is estimated using stator voltage equations without integrating the back EMF components in the stationary reference frame and the well-known difficulties with the implementation of pure integrators are thus avoided. Moreover, the proposed method ensures successful magnetization of a speed-sensorless squirrel-cage induction generator at nonzero speeds which makes it suitable for wind power applications. Experimental results on a 560 kW squirrel-cage induction generator are presented to confirm the effectiveness and the feasibility of the proposed method.
INTRODUCTION
Squirrel cage induction generator (SCIG) with a fullscale power converter has been receiving increasing attention over the past few years for variable speed wind energy conversion systems (WECSs) [1] [2] [3] . The well-known advantages of a SCIG such as its robustness, reliability, low price, low maintenance requirements and costs coupled with permanent price reductions of power electronic devices, made the SCIG with a full-scale power converter an attractive choice for wind power generation [4] . The SCIG used in a variable speed WECS is usually connected to the grid through a back-to-back voltage source converter (VSC) as shown in Fig. 1 . Torque and flux control of the SCIG is achieved by using the generator-side inverter and active and reactive power control of a WECS is achieved by using the grid-side inverter. For the torque and flux control of the SCIG, rotor field oriented vector control (RFOC) is used. The RFOC is based on the rotor flux orientation which allows torque and flux to be decoupled and controlled independently. Since all machine states and outputs needed for the flux and torque control feedback are calculated by using the estimated flux vector, the performance of vector controlled induction machines depends greatly on the accuracy of the estimated flux [5] [6] [7] . Furthermore, the risk of degraded performance and instability due to the incorrect flux estimation increases tremendously if sensorless control is used [8] . What complicates the sensorless control is the difficulty of accurately estimating the rotor flux without speed measurement. An additional issue for sensorless vector controlled SCIGs used in wind power applications is the magnetization process at non-zero speeds which is difficult to achieve when speed information is not available [9] .
Generally, there are two basic approaches to flux estimation in sensorless vector controlled induction machines [5, 10] . Two competing methodologies are model based estimation methods which rely on the fundamental machine model and signal injection estimation methods, which exploit the anisotropic properties of the machine excited with additional high-frequency test signals. The signal injection estimation methods are beyond the scope of this paper as they depend on particular machine design. The model based estimation methods can be classified as open loop estimators, Model Reference Adaptive System (MRAS) and adaptive flux observers. The open loop estimators, such as the voltage model flux estimator and the current model flux estimator, estimate the rotor flux without feedback correction [11] . The MRAS observers estimate the rotor flux and speed by comparing the reference model and the adjustable model [12] . The adjusting signal driving the adaptation mechanism may be based on rotor flux [13] [14] [15] , back EMF [16, 17] , or reactive power [18] [19] [20] . The adaptive flux observers can be classified as deterministic observers, such as the Luenberger observer [21, 22] , sliding mode observers [23] [24] [25] , and stochastic observers, such as the extended Kalman filter [26] [27] [28] . Furthermore, neural network based observers are also used for flux estimation [29, 30] .
Although the aforementioned methods are developed for induction motors, they can be used for induction generators as well. However, the requirements on the sensorless flux estimation methods for induction motors and SCIGs used in wind power applications are different. The main issue for speed sensorless induction motors is flux estimation at low speeds and zero speed. On the other hand, the SCIGs used in wind power applications do not operate at low speeds but require successful magnetization at nonzero speeds. In order to achieve successful magnetization of the SCIGs at non-zero speeds, the existing sensorless model based flux estimation methods have to be upgraded with a synchronization algorithm [9] .
For that reason, this paper proposes a new rotor flux estimation method which can magnetize sensorless vector controlled SCIG at non-zero speeds and is, therefore, suitable for use in wind power applications. The proposed method is rather simple to implement, uses minimum processor time and memory and can be used with wind generation systems of high nominal power. The method is based on a PLL and the orthogonality between the rotor flux space vector and its back EMF vector. The idea of using PLL comes from control of grid-connected power converters where PLL is used for synchronization with the utility voltages [31] [32] [33] . Although the proposed method is derived from voltage model flux estimator, rotor flux is estimated without integrating the back EMF vector components in stationary reference frame. As a result, the implementation issues associated with voltage model based estimators are avoided and the accuracy of the estimated flux angle does not depend on the implementation of the integrator. The proposed method is implemented in a digital control system and validated through the experimental tests. Experimental tests were conducted on a 560 kW SCIG. This paper is organized as follows. The voltage model flux estimator and implementation issues are introduced in Section 2. The new rotor flux estimation method is designed and analysed in Section 3. Finally, the experimental results are presented in Section 4.
VOLTAGE MODEL FLUX ESTIMATOR
Voltage model flux estimator (VI), also referred to as voltage model (VM), is inherently a sensorless open loop estimator which obtains the rotor flux by integrating its back EMF in the stationary reference frame. It is based on the stator voltage equation and flux linkage equations written in the stationary reference frame as follows:
where ψ s , ψ r , u s , i s and i r are space vectors of the stator and rotor flux, the stator voltage, the stator current and the rotor current, respectively. R s , L s , L m and L r are the stator resistance, the stator inductance, the magnetizing inductance and the rotor inductance, respectively. By substituting (2) and (3) in (1), the rotor flux is obtained as follows: The total leakage factor σ is expressed as follows:
The major weakness of the voltage model flux estimator is the implementation of a pure integrator which suffers from DC drift and initial value problems [34, 35] . In order to overcome these problems, numerous methods with different modifications of the voltage model flux estimator have been proposed in literature. Most of the proposed voltage model based methods replace the pure integrator by the first-order low pass filter (LPF) with either a fixed [34, 36, 37] , or a variable cut-off frequency [6, 35, 38] . However, the use of LPF introduces the phase and magnitude errors in the estimated flux and requires a compensation algorithm to compensate these errors. Furthermore, the flux estimation methods with pure integration and an error compensation algorithm have also been reported [39, 40] . Hence, all of the proposed voltage model based methods require an error compensation algorithm in order to compensate the integration errors.
PROPOSED ESTIMATION METHOD
The core of a RFOC system is the flux estimator and the key quantity is the rotor flux angle. An accurate rotor flux angle provides decoupling of torque-generating current and flux-generating current and enables high performance control of the SCIG. On the other hand, an incorrect flux angle leads to undesirable cross coupling of flux and torque control loops, deterioration of the overall drive performance and instability. For practical use, less complex flux estimators are preferred [11] . The simplest way of obtaining the rotor flux is by integrating its back EMF but this approach has implementation problems discussed in the previous section. The phase angle between the rotor flux vector and the back EMF vector is 90 degrees. When an integration error occurs, the phase angle between the estimated flux vector and the back EMF vector is no longer 90 degrees, which deteriorates the RFOC performance [34] . An ideal voltage model based flux estimation method should ensure the orthogonality of the estimated rotor flux and the back EMF in the whole operating range of the induction machine, which would result from an analytical integration of (4). Such a method is not available at present.
However, the integration of a space vector can be achieved by simple rotation of the vector by 90 degrees in the negative direction and scaling its magnitude with respect to its angular frequency. The proposed rotor flux estimation method uses this principle for the integration of the back EMF and thus avoids the implementation of a pure integrator or an LPF. As a result, the orthogonality between the back EMF space vector and the rotor flux vector is preserved in the whole operating range of the induction machine, an error compensation algorithm is not needed and an extremely simple flux estimation method is obtained. Moreover, unlike the other sensorless model based flux estimation methods, the proposed method can successfully magnetize the SCIGs at non-zero speeds. However, the estimation of the rotor flux is not possible at zero speed and thus, this method cannot be used for induction motors.
Flux estimation
The proposed method is composed of the back EMF estimator and a PLL as shown in Fig. 2 . The back EMF vector is obtained in the stationary reference frame from the induction machine model by using stator voltages and stator currents as follows:
where emf r represents the back EMF vector and α and β denote space vector components in the stationary reference frame. In practice, if the back EMF angle is directly calculated from emf rα and emf rβ components using arctan function, a deformed angle may be obtained and unstable operation of the flux estimator may occur. To achieve stable operation of the flux estimator and less noise sensitive estimation of the back EMF angle, the PLL is used.
Since the d-axis of the synchronous dq reference frame is oriented along the rotor flux space vector, only the q component of the back EMF vector exists in a steady state. The estimated dq axes used in the digital control system are denoted by superscript dsp and the actual dq reference frame axes are not denoted by superscript. By regulating the d To estimate the back EMF angle the PLL uses the synchronous reference frame, in this paper denoted as kl frame, whose real k-axis is aligned with the back EMF vector. The back EMF vector is translated from the αβ stationary reference frame to the kl synchronous reference frame by using Park's transformation and the estimated back EMF angle as follows: reference frame, as shown in Fig. 3 . Obviously, the expressions emf rk = emf rq and emf rl = −emf rd apply. The PLL PI controller synchronizes the kl reference frame with the back EMF vector by keeping the emf rl , i.e. emf rd component equal to zero.
Using (8), the back EMF vector components in the natural abc reference frame and the Clarke transformation, the emf rk and emf rl components are given by: The selection of the PLL PI controller parameters is based on the small-signal analysis [31] , which assumes that the phase difference ∆θ is very small and the PLL can be linearized as: (10) According to (9) , the back EMF vector magnitude emf r , which is speed dependable, appears as a gain term in the linearized model of the PLL system and causes a loss of gain of the PLL loop when operating below the rated frequency. In order to eliminate this effect, the emf rl component is normalized with the back EMF vector magnitude emf r as shown in Fig. 2 . For the selection of the PLL control parameters, symmetrical optimum is used. It should be noted that the design of the PLL is a trade-off between fast tracking and good filtering characteristics. If the PLL control parameters are adjusted properly, the accuracy of the estimated rotor flux depends only on the accuracy of the estimated back EMF space vector.
The rotor flux magnitude is also estimated from the back EMF vector. In the steady state, the back EMF vector is aligned with the k-axis and the emf rk component represents the back EMF vector magnitude. Therefore, the rotor flux magnitude can be estimated as follows:
where ψ r represents the rotor flux magnitude estimated from the back EMF and ω s represents the synchronous speed. When an error between the estimated and the actual back EMF angle occurs, the back EMF vector is not aligned with the k-axis and the rotor flux magnitude estimated according to (11) differs from the actual rotor flux magnitude. However, this error is negligible for small angles of misalignment.
Magnetization
The method proposed in this paper is also able to magnetize the speed-sensorless rotating SCIG in the whole operating range and it can be applied to standard induction machines. The main issue of the magnetization process at non-zero speeds is to determine the generator supply frequency which should be applied to a rotating SCIG in order to magnetize it. This is achieved by adding a constant value which corresponds to the angle increment of the rated frequency to the PLL PI controller output as shown in Fig.  2 . When the back-to-back converter is turned on, the PLL PI controller changes the inverter output frequency from the rated frequency to the required synchronous frequency, which is equal to the sum of the rotor frequency and slip frequency. At the same time, the torque-generating current is regulated to zero. When the required synchronous frequency is detected, magnetization of the SCIG starts. When the magnetization process is started, the proposed method estimates the rotor flux angle. Additional details regarding the magnetization process can be found in [9] .
EXPERIMENTAL VERIFICATION
The validity of the proposed method has been tested experimentally and confirmed as follows. The tests were performed on the experimental setup presented in Fig. 4 . The test rig is made up of a SCIG connected to the grid via a back-to-back converter KONČAR KONvert W1500 and mechanically coupled with a permanent magnet synchronous motor (PMSM) via a torque measurement unit. The PMSM, emulating a wind turbine, is fed by the frequency converter ABB ACS800. The test rig is shown in The proposed algorithm is implemented in a digital control system and tested under various conditions. The simplified overall structure of the control system is depicted in Fig. 6 . For the torque and flux control of the SCIG, the RFOC was used. The torque-generating current reference was calculated from the torque reference and the flux reference was set to its nominal value. The flux magnitude calculated according to (11) was used in the control structure and the flux angle was estimated by the proposed algorithm. The stator voltage was estimated by using DC bus voltage and PWM pulses, with deadtime and conducting voltage compensated. The system is speed-sensorless since speed signal is not used for the flux estimation. Experimental results were recorded by using the digital control system and then transferred to a PC via an optical link.
The performed experimental tests can be classified into three groups: magnetization tests, steady state perfor- 
Magnetization
The experimental results of the magnetization tests are given at the rotor speed of 500 rpm which represents a cutin speed for the SCIG used in wind power applications. At the beginning, the speed of the PMSM is set to 500 rpm, the back-to-back converter is turned off and the SCIG is, clearly, rotating at the same speed as the PMSM. At 0 s the magnetization process begins by starting the back-to-back converter. During the magnetization process the torquegenerating current is kept at zero value. Corresponding results are shown in Fig. 7 .
It can be observed that during this test the SCIG was successfully magnetized. The PLL PI controller changed the output frequency of the back-to-back converter until the synchronous frequency corresponding to the actual speed was reached. At that moment flux started to build. The time needed for the magnetization process to be completed depends on the tuning of the PLL PI controller, shaft speed, actual rotor time constant and the value of the fieldgenerating current.
Steady state performance
The performance of the proposed method in the steady state is tested in the whole operating range of the SCIG under various loads. In this paper, the experimental results will be given for the no load steady state operation of the SCIG at 500 rpm. The experimental results are presented in Fig. 8 . Figure 8 shows that there are no distortions in the estimated flux angle. Furthermore, the phase difference between the back-EMF components and the related estimated shows the field-generating current (i sd ) and the torquegenerating current (i sq ), the second subplot shows the flux magnitude estimated by the proposed method (ψ r ), the third subplot shows the rotor speed frequency (f r ) and the synchronous frequency (f s ), and the last subplot shows the measured torque supplied by the prime mover (T P M SM ) and the estimated electromagnetic torque of the SCIG (T SCIG ). , the second and the third subplot show the α, β components of the rotor back-EMF (emf r ) and the α, β components of the rotor flux estimated by the proposed method (ψ r ), and the last subplot shows the back EMF vector components in the synchronous dq reference frame.
flux components is 90 degrees and there is no DC offset in the estimated back-EMF and flux components. The emf rq component is constant and the emf rd component is kept at zero value.
Dynamic performance
The dynamic performance of the proposed flux estimator is also verified by experimental tests. Two different experiments were carried out: a change in the PMSM speed reference from 500 rpm to 800 rpm and a change in the SCIG torque reference from 0 p.u. to 0.3 p.u. Fig. 9 shows experimental results for the PMSM speed reference change from 500 rpm to 800 rpm. The SMPM speed reference ramp was set to 10 s from zero to the rated speed. As can be seen from Fig. 9 , the estimated synchronous frequency follows the change in the rotor speed frequency. The flux magnitude and the stator current components remain unchanged.
The dynamic performance of the proposed method is also investigated by conducting experimental tests of the SCIG torque reference changes. The tests included applying the ramped torque reference and observing the estimated synchronous frequency. The SCIG torque reference ramp was set to 14 s from zero to the rated torque. The experimental results are shown in Fig. 10 . The system was in the steady state at the rotor speed of 500 rpm and the torque reference of 1068 Nm (30% of the rated load) at t=0.5 s was applied. Fig. 10 shows that the estimated synchronous frequency follows the change of the rotor speed frequency. The emf rq component changes slightly and the flux magnitude remains the same.
CONCLUSION
This paper proposes a new speed-sensorless flux estimation method which is usable with standard induction generators, able to magnetize induction generators at nonzero speeds, exhibits high dynamic performance and its digital implementation is computationally efficient. The proposed method estimates the rotor flux from its back-EMF by using a PLL and the orthogonality relation between the back EMF space vector and the flux space vector. As a result, the well-known integration problems are avoided and the accuracy of the estimated flux angle mainly depends on the quality of the estimated back-EMF vector. The PLL PI controller also provides speedsensorless magnetization of a SCIG at non-zero speeds which makes the proposed method highly suitable for SCIGs used in wind power generation systems.
The method is implemented into a digital control system and its steady-state and dynamic performance are experimentally verified. The experimental results show excellent performance and confirm that the method is highly Experimental results for speed change from 500 rpm to 800 rpm. The first subplot shows the fieldgenerating current (i sd ) and the torque-generating current (i sq ), the second subplot shows the flux magnitude estimated by the proposed method (ψ r ), the third subplot shows the rotor speed frequency (f r ) and the synchronous frequency (f s ), and the last subplot shows the back EMF vector components in the synchronous dq reference frame. Experimental results for ramped torque reference at 500 rpm. The first subplot shows the field-generating current (i sd ) and the torque-generating current (i sq ), the second subplot shows the flux magnitude estimated by the proposed method (ψ r ), the third subplot shows the rotor speed frequency (f r ) and the synchronous frequency (f s ), and the last subplot shows the back EMF vector components in the synchronous dq reference frame.
appropriate for wind power applications. However, the proposed flux estimation method cannot be used for induction motors because it is not able to estimate the rotor flux at zero speed.
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